ABSTRACT For biological molecules in aqueous solution, the hydration pressure as a function of distance from the molecular surface represents a very short-range repulsive pressure that limits atom-atom contact, opposing the attractive van der Waals pressure. Whereas the separation distance for molecules that easily arrange into ordered arrays (e.g., lipids, DNA, collagen fibers) can be determined from x-ray diffraction, many globular proteins are not as easily structured. Using a new micropipette technique, spherical, glassified protein microbeads can be made that allow determination of protein hydration as a function of the water activity (a w ) in a surrounding medium (decanol). By adjusting a w of the dehydration medium, the final protein concentration of the solid microbead is controlled, and ranges from 700 to 1150 mg/mL. By controlling a w (and thus the osmotic pressure) around lysozyme, the repulsive pressure was determined as a function of distance between each globular, ellipsoid protein.
INTRODUCTION
It is well known that proteins in aqueous solution are locally surrounded by water that has different properties from bulk water. This hydration water has fewer degrees of freedom, a longer residence time, and is more difficult to remove (lower water activity, a w ) (1) . Protein hydration has been measured as a function of a w , which is usually controlled by setting the relative humidity. The quantity of water retained or associated with the protein is then measured gravimetrically or by x-ray diffraction (2-4), Fourier transform infrared spectroscopy (5), nuclear magnetic resonance (6) , or dielectric relaxation (7) . These techniques all show that water in direct contact with the protein surface has a lower activity than bulk, and that water surrounding polar groups has lower activity still. In other words, more energy is required to remove the water that interacts directly with the amino acids at the protein surface than is required for water further away, i.e., water in its ideal standard state surrounded by other water molecules in bulk water. Physically then, there is a distance dependence of this energy (chemical potential of water) that has been seen experimentally to decay as an exponential. Consequently, when two hydrophilic surfaces are brought closely together (<20 Å ) in an aqueous phase, there is an energy of repulsion that is much greater than that predicted by repulsive electrostatic and attractive van der Waals interactions (8, 9) . The general form of this hydration energy potential is U hyd ¼ P o l exp(Àd/l), where l is a decay length characteristic of the solvent size and surface geometry, d is the distance between surfaces, and P o , which varies according to surface properties, is the pressure extrapolated to d ¼ 0, or, in terms of hydration pressure, P hyd ¼ P o exp(Àd/l). We have found that a glassified state for a protein can be created when a single protein solution microdroplet is dehydrated in an organic solvent of controlled water activity. In the work reported here, the distance dependence of the interaction energy between protein molecules is measured using a simple packing model of protein-protein arrangements.
For molecules that easily arrange into ordered arrays (e.g., lipids, DNA, collagen fibers), the separation distance can be determined from x-ray diffraction (8) (9) (10) (11) (12) . The a w in the sample can be adjusted by setting the relative humidity or by the osmotic stress method, in which a large solute such as dextran (11) , poly(vinylpyrrolidone), or polyethylene glycol (PEG) is used to set the osmotic pressure, P osm , of a surrounding phase. Water and small solutes diffuse between the two phases until the chemical potentials are equal (13) . The chemical potential of water, m w ¼ m o þ k B T ln a w (where m o ¼ chemical potential of pure water, T ¼ 298 K, and k B is Boltzmann's constant), indicates the free energy change upon transferring one water molecule from the region between surfaces to water in its ideal standard state. The pressure between surfaces is then determined by dividing by the molecular volume of water, v w , or from P osm ¼ k B T/v w ln a w . Alternatively, the repulsive force can be measured directly by coating surfaces with the test molecules and bringing them together with a surface force apparatus (14) (15) (16) (17) or atomic force microscope probe (17, 18) . This method has been used for molecules such as globular proteins that do not form ordered arrays but that can be adhered to a surface. However, it has the disadvantage that the surfaces are relatively rough and not well defined at the molecular level, making it more suitable for longer-range interactions. One must account for how proteins will order themselves at the boundary, and it becomes difficult to define the protein surface geometry (18, 19) .
Using a new micropipette technique, which allows us to quickly determine protein hydration as a function of a w in a surrounding medium, we have determined the separation distance between globular lysozyme (Lys) proteins by applying a packing model to dehydration and rehydration data. A microdroplet of protein solution is formed in a dehydration medium that removes bulk water, and then water of hydration, to an extent determined by the a w of the medium. In the case of Lys, this results in a spherical, single-phase, glassified protein bead. By knowing the initial Lys concentration in the microdroplet and by measuring the change in droplet diameter, we can calculate the amount of water remaining in the glassified microbead. In combination with the packing model, this allows us to calculate hydration pressure as a function of distance away from the protein surface. Hydration data determined in this manner is compared with vapor sorption data and other known values from the literature. The calculated pressure-distance relationship is presented and compared to those of other biological molecules.
MATERIALS AND METHODS

Materials
Lys from chicken egg white was obtained from Sigma (St. Louis, MO) (3Â crystallized and lyophilized, molecular mass ¼ 14.7 kDa, 95% pure, L7651) and used as received. Solutions were prepared with DI water to concentrations ranging from 2 mg/mL to 85 mg/mL. n-decanol (>99% pure), hexamethyldisilazane, BaCl 2 , and polyethylene glycol (PEG) (3350 MW) were acquired from Sigma. Decanol was stored over 3 Å molecular sieves to keep it dry. Water content of dry decanol was determined by Karl Fischer titration. Anhydrous CaSO 4 (i.e., Drierite) was acquired from W.A. Hammond Drierite (Xenia, OH). Ethanol and CuSO 4 were acquired from Fisher Scientific (Fair Lawn, NJ). NaCl was acquired from Mallinckrodt Chemicals (Phillipsburg, NJ). MgCl 2 6H 2 O was acquired from EM Science (Gibbstown, NJ). PEG (10,000 MW) was acquired from Alfa Aesar (Ward Hill, MA).
Single microdroplet dissolution and dehydration
The single microdroplet dissolution and dehydration technique is based on our previous work in which we used the micropipette setup to measure and model the dissolution of microparticles (10-100 mm diameter) in twophase microsystems, including gas-in-liquid (20) and liquid-in-liquid (21, 22) systems. Here, a Lys solution is the microdroplet phase and decanol is the dissolution medium. As shown in Fig. 1 and Movie S1 in the Supporting Material, when a water or solution microdroplet is expelled from the micropipette, the water immediately starts to dissolve in the surrounding decanol medium. As water leaves the microdroplet, the Lys concentration in the microdroplet increases. Ideally, this surrounding medium must be a separate liquid phase that is immiscible with the first phase and forms an interface, yet is able to dissolve the first phase.
For any aqueous dissolved solute, water of hydration is present to a greater or lesser extent according to the chemical potential equilibrium with water present in the surrounding medium. In the system presented here, a microdroplet of an aqueous Lys solution is dissolved into decanol, resulting in the almost complete removal of all bound water and the solidification of the protein as a glassified microbead. The raw data from a dissolution experiment is the measurement of microparticle diameter versus time from a video recording, noting any visually identifiable changes in refractive index, particle geometry, or phase separation at the droplet interfacial boundary or throughout the interior. By measuring the microdroplet diameter, the volume, Lys concentration, and water concentration within the droplet can be calculated as a function of time. Thus, the entire average microparticle concentration profile in situ is determined and calculated by assuming that the solute does not migrate into the drying medium, i.e., the solute mass in the microparticle is constant. For solutes that may be soluble or sparingly soluble (like Lys) in the suspending medium phase, this is experimentally controlled by saturating the suspending medium with the microparticle phase solute. The methods and analysis presented here introduce a technology platform that could be used to dehydrate not only protein molecules, but also a wide range of molecules (e.g., salts, sugars, DNA, polymers, and other small water-soluble molecules such as drugs).
The experimental setup includes an inverted optical microscope (Diaphot 200; Nikon, Melville, NY) with a 40Â objective, micropipette manipulation system, and video capture equipment. A charge-coupled device camera (Optronics Engineering, Carl Zeiss, Wake Forest, IL) and multiplexer (Vista Electronics, La Mesa, CA) were interfaced with a videocassette recorder (SVHS; Panasonic, Secaucus, NJ) to capture time-stamped video. Measurements were obtained using a video caliper system (Vista Electronics). For some experiments, the camera system was modified to accommodate a larger field of view and digital acquisition. The camera (Pike F-100B; Allied Vision Technologies, Stadtroda, Germany) was controlled via a computer with StreamPix software (Norpix, Montreal, Quebec, Canada) and the captured video analyzed using ImageJ (National Institutes of Health, http://rsbweb.nih.gov/ij/). This increased the field of view from 90 Â 120 mm to 180 Â 180 mm while maintaining a resolution of 0.2 mm/pixel.
To minimize spreading of aqueous solution on the outer surface of the glass micropipette, the micropipettes were vapor-coated with a monolayer Biophysical Journal 98(6) 1075-1084 of hydrophobic hexamethyldisilazane. A 2-mm path-length cuvette (~0.95 mL; Nova Biotech, El Cajon, CA) was used as the chamber, as seen in Fig. S1 , A and B. All experiments were done at room temperature (~22 C). The temperature in the chamber was monitored with a thermocouple during two experiments. As expected, the temperature increased slightly (1 C) to 23 C due to microscope illumination. The amount of water in the drying solvent was established before the micropipette experiment by mixing known quantities of dry and water-saturated solvent. It was characterized by the ratio (saturation fraction, f) of the initial water concentration to the saturated water concentration. The resulting f-value is between 0 and 1, inclusive, and is equal to 0 when the drying medium is free of water and equal to 1 when it is fully saturated with water. All decanol solutions were saturated with Lys to prevent the loss of protein from the microbead. The solubility of Lys in wet decanol (f ¼ 1) was estimated at <0.002 mg/mL based on absorbance at 280 nm. However, there was no detectable difference between results obtained from solutions presaturated with Lys and those that were not-indicating that any protein dissolution occurs more slowly than the timescale of the experiment.
Any solvent in which water is soluble and with which water can form an interface, i.e., is immiscible, can be used as a drying solvent. Decanol was chosen primarily because of its solubility properties. The solubility of decanol in water is low enough (~0.01 vol %) that any decanol diffusing into the aqueous protein droplet is negligible in volume measurements, and the solubility of water in decanol is high enough that the water capacity of the chamber greatly exceeds the amount of water added from a droplet. For example, 0.9 mL of dry decanol (f ¼ 0) has a capacity to dissolvẽ 400,000 water microdroplets (50 mm diameter, 65.45 pL volume) with a solubility limit of 3.4 wt %. When f equals 0.9, the capacity is~40,000 water droplets. A single chamber was used for eight (or fewer) microdroplets, so it was assumed that the water added did not change the water concentration of the decanol phase. To minimize any influence from changes in the local water concentration due to water added from droplets, microbeads were held >1 cm from the air-decanol interface into the chamber to lose most of their water, then left >1 cm further in to ensure equilibration.
To begin the experiment, a micropipette was front-filled with a Lys solution, inserted into the decanol-filled chamber, and a microdroplet formed by applying positive pressure in the micropipette to force out the Lys solution into the drying medium ( Fig. 1 ). When this microdroplet was at a desired diameter (50-110 mm), the pipette holder was gently tapped to release the droplet from the micropipette. The droplet was then quickly caught on the end of the micropipette by applying a slight suction. Droplets were typically watched under diffusion-controlled dissolution for the first 2-30 min until hardened, then released to settle to the bottom of the chamber and recorded periodically for the next 30-90 min. In some instances, convective transport of water from the droplet was achieved by moving the droplet through the solution while still on the end of the micropipette or by allowing the droplet to fall through solution while maintaining microscopic focus. At each saturation fraction, 7-19 droplets were measured.
Refractive index: protein concentration calculation
In preliminary experiments, we noticed that as the dissolution process occurred, the refractive index, n, of the Lys solution changed and at one point exactly matched that of the decanol, causing the droplet to become invisible (see Fig. 1 D and Movie S1). This observation allowed an in situ measurement to be made of Lys solution concentration at this n-match. To do this, a calibration curve was made of Lys solution n versus concentration, as shown in Fig. S2 . Details of measurements and results are given in the Supporting Material.
Scanning electron microscopy (SEM)
SEM images were taken of single microbeads that had been dehydrated in decanol (see Supporting Material). In a separate experiment, SEM images were also taken of micropipette tips that had been used in experiments to confirm optical measurements of their diameter and our calibration of optical microscope video images.
Hydration analysis
Assuming that the Lys mass within the droplet is constant and the initial concentration, C i , is known, the concentration, C, can be calculated from the measured droplet diameter. The calculated concentration at the n-match, C n 0 , was compared to the expected concentration, C n , and the ratio C n /C n 0 ¼ k n used as a correction factor in all concentration-based calculations (see the Supporting Material for details.) This in situ measurement of Lys concentration ensured the best estimate of the concentration just before solidification.
The protein specific volume, v p , was assumed to be constant at 0.7 mL/g, and corresponds to the van der Waals volume of a Lys molecule plus the volume inaccessible to the surface of a spherical solvent probe of 1.4 Å radius (23) . From this assumption, the volume fraction of water, f w , can be calculated as
Note that f w is defined as the volume fraction of the droplet phase that is not occupied by Lys, i.e., we measured the total volume of the protein-water phase, which includes Lys, hydration water (equivalent to adsorbed water, or water in the hydration shell), and interstitial space. The hydration water f hyd is the water that is associated directly with the Lys surface. The volume fraction of the interstitial space, f int , is determined by the packing efficiency of the Lys molecules in the sample. Depending on the surrounding environment, this interstitial space may be occupied by water or other molecules, e.g., decanol or air, or be under vacuum as in SEM measurements. Therefore, f w is divided between hydration water (interacting with the protein) and interstitial space (present due to packing limitations of the protein) such that f w ¼ f hyd þ f int . The theoretical value of f int for the random jammed state of hard objects is 0.36 for spheres and 0.29 for prolate ellipsoids (1.5 aspect ratio) (24) . We solved the problem of estimating the interstitial space by calculating f int from Eq. 1, assuming f hyd ¼ 0 when the microbead is under dry (SEM vacuum~8 Â 10 À5 Pa, a w~1 0 À8 ) conditions (as seen later in Fig. 5 ). Given the molecular weights for water, MW w , and protein, MW p , and an appropriate density of water, r w , the amount of hydration water, h, in g water/g protein can be calculated as h ¼ g water=g protein ¼ 1000r w f hyd =C; (2) or as the number of water molecules per protein, n w ,
Merzel and Smith (25) have shown that the density of water within the first monolayer (~3 Å ) around Lys is~5% denser than bulk water. We have therefore chosen r w ¼ 1.05 g/mL for the first monolayer (defined below) and 1 g/ mL for any additional water. The Lys molecule was approximated as a prolate ellipsoid, with minor radius a ¼ 14 Å and major radius c ¼ 21 Å . It was assumed that hydration water is evenly distributed in a shell around the protein as shown in Fig. 2 . The distance, d, between Lys molecules was defined as the minimum distance between Lys surfaces, or twice the hydration shell thickness, x (in Å ), which can be determined analytically for an ellipsoid with radii a and c from
where V hyd (in Å 3 ) is the hydration shell volume for a single Lys molecule, given as
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The distance between Lys molecules is then d ¼ 2x where x is the real root of Eq. 4. Segatin and Klofutar (26) have measured the water solubility in decanol as a function of a w . We converted their water concentrations to saturation fractions and fitted the results to a polynomial function, which was used to relate f to a w (see Fig. S3 ).
Vapor sorption on lyophilized and dried microbead samples
To compare our hydration results with those obtained using a standard technique, we measured vapor absorption to bulk Lys samples. Lyophilized powder (15-20 mg) was placed in 1.7 mL tubes and vacuum dried. The open tubes were placed in sealed vials containing CaSO 4 to remove any remaining water. This was taken to be the dry Lys mass. The open tubes were then transferred to sealed vials with saturated salt solution (MgCl 2 , NaCl, BaCl 2 , CuSO 4 ) and allowed to equilibrate. The amount of absorbed water was determined gravimetrically. Samples were allowed to equilibrate until the mass was constant for 3-6 days. At low a w , this took as little as three days. For very high a w (>0.95), samples were left up to 33 days.
To verify whether Lys dehydrated with decanol has the same water sorption properties as lyophilized Lys, these experiments were repeated with glassified protein. Lys beads were prepared (N ¼ 3) by adding 150 mL of 115 mg/mL Lys solution to 8.5 mL of decanol, resulting in f~0.6 due to water dissolving from the Lys solution into the decanol. The suspension was gently shaken by hand for 1 min. The samples were centrifuged at low speed to sediment the Lys microbeads and all but~1 mL of the decanol supernatant was removed. The samples were resuspended, transferred to 1.7 mL tubes, and washed three times with ethanol. The remaining ethanol was removed under vacuum, and the open sample tubes placed in sealed vials along with CaSO 4 to remove any remaining water.
It is known that protein sorption isotherms exhibit hysteresis below a w 0.9 (27) (28) (29) (30) (31) . For a given a w , proteins are typically more hydrated during desorption than absorption. We did a series of absorption and then desorption experiments so we could compare the results to our single droplet experiments, which are initially a dehydration process. Lyophilized samples were hydrated with salt solutions in order of increasing a w without drying between experiments. After exposure to 0.1 M NaCl or pure water for at least 14 days, they were equilibrated against the same salt solutions in order of decreasing a w .
Vapor sorption on single particles
An experiment was devised whereby we could rehydrate a previously dehydrated single Lys microbead. A microbead was created from a Lys solution in the micropipette and secured on the end of a micropipette as described for SEM imaging. The microbead was then removed from the decanol phase and exposed to different relative humidity atmospheres (see Supporting Materials) as volume changes were recorded. This allowed a comparison between gravimetric and volumetric vapor sorption experiments, and allowed us to measure sorption at much higher a w than could be achieved with decanol. Dehydration in decanol at f ¼ 0.99 takes~100 times as long as in f ¼ 0, which takes~3 min. During this time the water concentration established in the decanol-filled chamber changes due to solvent (or water) evaporation into the surrounding atmosphere. In bulk vapor sorption experiments, reaching equilibrium with a sample large enough to measure gravimetrically would take several days. By using a single microbead (1-30 ng of protein), equilibrium is reached within minutes, even for a w > 0.99.
RESULTS
Refractive index: protein concentration verification
As shown in Fig. 1 , there was a point during protein microdroplet dissolution into the alcohol medium during which the refractive indices of the two liquids matched and the microdroplet became optically invisible. Lys concentration was calculated based on volume throughout the whole experiment, but this point provided a way to accurately and independently measure the concentration at a point close to solidification. A calibration curve (n versus C) for Lys solutions is shown in Fig. S2 . The linear trend-line, setting n at C ¼ 0 to 1.3319 (our average value for DI water), is n ¼ 1.3319 þ 0.1943C (R 2 ¼ 0.9905, C here is in g/mL). This is consistent with the line obtained by Fredericks et al. (32) , who found a slope of 0.2 mL/g. The refractive index of water-saturated decanol was measured as 1.4326, which intersects the Lys line at 518 mg/mL (C n ). This is the concentration at which the refractive indices of the concentrated Lys solution microdroplet and the immediate surrounding watersaturated decanol match and the droplet becomes invisible. For droplets made with Lys solution of known concentration and whose initial sizes could be accurately measured (N ¼ 42 of 286), the average correction factor (k n ¼ C n /C n 0 ) was 1.01 5 0.05, which confirms the accuracy of using the n-match to determine Lys concentration.
Microbead dehydration
One of the main findings from this work is that the dissolution of aqueous solvent from the protein solution Biophysical Journal 98(6) 1075-1084 microdroplet results in the solidification of the protein into a microbead, dehydrating the protein to a limit determined by the a w of the drying medium. A series of micrographs of the dehydration of a Lys microdroplet in decanol is shown in Fig. 1 . The single microdroplet in this example was formed into dry decanol (f ¼ 0) from a 60 mg/mL Lys solution. The first image shown is shortly after forming the droplet (28 s after releasing from the micropipette). The third and fourth frames show the droplet shortly before and during the n-match (128 s and 134 s after formation), respectively. The final frame shows the microbead, now solid, being released from the pipette (173 s after formation). It is important to note that there was no visible phase separation during dehydration, just a gradual refractive index change.
The diameter and Lys concentration for two representative droplets (C i ¼ 18.4 and 133.9 mg/ml Lys) are shown in Fig. 3 as a function of time, compared with a droplet of pure water (C i ¼ 0 mg/mL). The droplets were formed into decanol at f ¼ 0 and held still for at least 300 s. The final diameter was found to be constant for hours (see Fig. S4 ) for droplets left in a capped chamber. As expected, the droplet with a higher C i leveled off at a larger diameter. The final Lys concentration in the microbeads, however, was independent of C i . Droplets that were allowed to solidify by a convective process (either falling through solution orbeing pulled through solution with the micropipette) solidified faster, but reached the same final equilibrium concentrations. Fig. 4 shows the diameter and Lys concentration of droplets formed into solutions of different f-values as a function of time. For comparison, droplets were chosen with similar initial diameters and concentrations. All were held on the micropipette tip and gently pulled through solution at about the same speed to maximize the dissolution rate by constantly exposing the droplets to solvent at the original f-value. As f decreased (drier decanol), the dissolution rate increased and the final Lys concentration increased, i.e., the microbeads were more dehydrated.
SEM
For accurate calibration of our optical system, two different micropipette tips were measured with the optical video system as well as SEM. Multiple measurements of each tip gave 12.4 5 0.1 and 11.5 5 0.1 mm optically, and 12.3 5 0.1 and 11.4 5 0.2 mm with the SEM, which shows that optical measurements using the video caliper system are consistent with and as accurate as the much higher resolution SEM.
Several dried Lys microbeads were also imaged by SEM. A representative image of a microbead is shown in Fig. 5 . As expected from optical observations, the microbeads are spherical with a smooth surface. The ring on the bottom left side of the microbead is from contact with the micropipette tip, consistent with that seen in Fig. 1 F. In the SEM environment, the microbead is considered completely dry, so it is at its smallest diameter. The microbead volume is therefore determined only by Lys volume and packing efficiency, i.e., f w ¼ f int (note that f w represents the volume fraction not occupied by protein, whether occupied by water or under vacuum). The average concentration (N ¼ 4) was 1329 5 15 mg/mL. This corresponds to a volume fraction of the interstitial space f int ¼ 0.07 5 0.01. Thus Lys molecules can pack much more densely than equivalent hard ellipses, for which f int ¼ 0.29 (24) . The droplets were initially dehydrated using solutions ranging from f ¼ 0.1 to f ¼ 0.95. As expected, the concentration in the SEM environment was independent of the initial dehydration level. The hydration values determined from vapor sorption experiments are shown in Fig. 6 . Error bars for h represent the standard deviation of the mean. Results from our gravimetric data of vapor sorption to lyophilized powder show hysteresis, i.e., protein hydration during desorption is higher than protein hydration during absorption for a given a w . At a w ¼ 0.32 and a w ¼ 0.75 this difference is about the same magnitude as the error in the measurement. The difference increases to 0.115 g/g at a w ¼ 0.91. The two curves then converge again near a w~0 .95. Hydration values determined from single-particle vapor sorption experiments (volumetric measurement) were consistent with bulk desorption data for a w R 0.9.
Lys beads that were dehydrated in decanol in a bulk sample had the same spherical, smooth, and clear appearance as single microbeads, and ranged in size from 1 to 20 mm, with most <10 mm (as observed by optical microscopy). The beads (after removing solvent and thoroughly drying) absorbed the same amount of water as samples of lyophilized powder at the two values of a w tested, 0.32 and 0.95. Equilibrium hydration levels were determined for microdroplets dehydrated in decanol ranging from f ¼ 0.01 to f ¼ 0.95 (0.025 % a w % 0.987). The equilibrium hydration level is shown as a function of a w in Fig. 6 along with vapor sorption data. Error bars for a w were calculated assuming that our dry decanol is at f ¼ 0.01 5 0.02 (as estimated by Karl Fischer titration), and that our saturated decanol is at f ¼ 1 5 0.01. Intermediate solutions were prepared by mixing known ratios of the two.
In all cases, a higher a w in the surrounding medium resulted in a higher water content in the final protein phase. At a w > 0.8, the decanol dehydration data correspond well with the desorption isotherm and with single-particle vapor sorption data. At a w < 0.8 the protein beads show higher levels of hydration than vapor sorption on bulk samples. Table 1 summarizes hydration values determined from vapor sorption and decanol dehydration experiments for select values of a w , as well as values from the literature.
Hydration potential
P osm and m w were calculated from a w and plotted as a function of the equilibrium distance between proteins, d, for our decanol dehydration and single-particle vapor sorption results. The results are shown in Fig. 7 along with lines representing the distances that correspond to polar amino-acid group and monolayer water coverage. (Note that as this is the distance between two protein molecules, monolayer coverage includes two layers of water.)
At very close distances (d < 2.5 Å ), the pressure between proteins increases rapidly with continued dehydration. This region corresponds to a w < 0.7 and water coverage of only polar groups (or less). Importantly though, for 2.5 Å < d <~9 Å (0.67 < a w < 0.986), the pressure decreases log-linearly with the decay constant l ¼ 1.7 Å and P o ¼ 2.2 Â 10 8 N/m 2 (R 2 ¼ 0.948).
DISCUSSION AND CONCLUSIONS
The decay length for the region for 2. (33) . Experiments performed with different lipids in different solvents have shown that the decay length depends on solvent density and is~2 Å in water (9, 33) . Values for P o range from 10 7 to 10 11 N/m 2 , depending on the nature of the lipid (specifically, P o increases with increasing dipole potential (9)) and on how d ¼ 0 is defined (9, 12) . Due to the different method of measurement, our value for P o cannot be directly compared to lipids, but is in the same range of magnitudes. Biophysical Journal 98(6) 1075-1084
Beyond d~9 Å there is clearly a transition to a region where the pressure decays more slowly with distance. The decay length in this region is~10 Å , which is the same magnitude we would expect for the Debye length, assuming the ionic strength is due primarily to counterions in solution.
To the best of our knowledge this is the first time that pressures between globular proteins have been determined at such close distances. Blomberg et al. (14, 19) measured the force between Lys-coated mica surfaces for d~20-350 Å . Claesson et al. (15) measured the force between insulincoated surfaces and concluded that there was a transition to hydration/steric forces near 10 Å , but did not have the resolution to measure these forces. In both studies, calculated electrostatic and van der Waals forces matched the experimental data well at large distances (>10-20 Å ), but they could not clearly examine close contact. There is enough resolution in our data to conclude that the pressure-distance relationship is exponential, and that there is a transition to electrostatic repulsion near d~9 Å . Calculations of these forces that account for the geometry of our system and the effect of ionic strength (which increases as water is removed and ion concentration increases) are being modeled.
Included in Figs. 6 and 7 are lines representing the water necessary for coverage of charged and polar amino-acid side chains (generally regarded as bound water) and full monolayer coverage. The value for polar coverage, 0.20 5 0.07 g/g (~160 waters/Lys), is an average of results from the literature for transitions in excess heat capacity (34), dielectric relaxation (7), nuclear magnetic resonance (6) , and x-ray diffraction (waters with at least one hydrogen bond) (3) . Beyond this bound water, the definition of full hydration differs. Although h~0.3-0.4 g/g is generally regarded as monolayer coverage, calculations based on surface area claim anywhere from 300 to 900 molecules for monolayer coverage of Lys (6, (34) (35) (36) (37) . The value we have chosen for full monolayer coverage, 0.47 g/g (~380 waters/ Lys), corresponds to d ¼ 5.6 Å , which is approximately the thickness of two water molecules. It must be stressed that although reasonable, this is only an approximate value. The amount of water that occupies the volume of the first monolayer depends on its density. Molecular dynamics simulations have shown that water is denser around charged groups, and less dense near hydrophobic regions (25, 38, 39) . The calculated average density also depends on how the interface between protein and water is defined (39). Because single-particle measurements are based on volume, h and n w depend on r w , but d does not. For example, if r w in the monolayer varies from 0.95 to 1.15 g/ml, h varies from 0.42 to 0.51 g/g, but all calculations of d, and therefore l and P o , remain unchanged.
For a w < 0.75, the hydration level from decanol dehydration is higher than the bulk vapor sorption results by 0.07 g/g. This is not entirely unexpected. It has been shown that water sorption isotherms for proteins in organic solvents are comparable to those in air, i.e., hydration depends on a w , not water concentration (40) . However, differences have been found when there is an interaction between the solvent and protein (31, 40, 41) . Because we are measuring volume changes of the protein phase, we cannot determine whether the nonprotein volume of the phase is occupied by decanol or water. Assuming a bulk density of decanol of 0.83 g/mL, 5-6 decanol molecules per protein molecule would account for the volume difference we see for a w < 0.75. This interpretation is consistent with our other experiments. When the microbeads were dried for SEM imaging, the decanol would have evaporated, leaving the volume that corresponds to 0 g/g. When the decanol was removed from our bulk microbead samples by washing with ethanol, the sorption properties were identical to that of lyophilized powder.
In terms of the distance between protein surfaces, the region for a w < 0.75 corresponds to d < 2.5 Å (the region of polar coverage). The short decay length may indicate steric interactions, as side-chain movement is greatly reduced, or it may be artificially short due to the presence of decanol. In either case, this region was not used to evaluate hydration potential.
We assumed that the water concentration in the droplet reached equilibrium by the end of an experiment and that it was not kinetically trapped, i.e., that a shell of dried protein did not encapsulate regions of lower protein concentration within the microbead. Thus, the final water concentration (and therefore protein concentration) in the droplet should only be a function of a w . As verification, we compared the three controllable parameters (initial droplet size, initial protein concentration, and droplet movement or dissolution rate) to the final Lys concentration in the microbeads for every f-value tested. (See Table S1 for details of the ranges tested.) Final concentrations were independent of each of the three parameters. We also found no correlation between the final protein concentrations and the calculated concentration at the n-match, C n 0 , compared to the expected concentration, C n (represented as the correction factor, k n ), suggesting no systematic error was introduced. The fact that the correction factor was so close to 1 also verifies that this technique can be used to accurately calculate solute concentrations when initial conditions are known. At values of a w at which all three methods were used (a w ¼ 0.75, 0.91, 0.95) there is reasonable agreement between our values and those obtained by Kocherbitov ((29) , and see our Table 1 ) and no statistically significant difference between single-particle (volumetric) and bulk (gravimetric) dehydration values, which supports our packing model.
In addition to obtaining hydration information for biological molecules, the technique has potential applications in biocatalysis, protein preservation, and drug delivery. Enzymes have been known to retain activity in organic solvents, particularly when added as an aqueous solution (42) . By directly observing the dehydration of a single protein solution droplet, this technique can be used to quickly identify the amount of water retained for a given protein-solvent Biophysical Journal 98(6) 1075-1084 system. The process also offers an alternative to lyophilization. Decanol removes water relatively quickly (minutes, depending on the dehydration medium), at room temperature and without the presence of ice crystals, which can be damaging to protein secondary structures (43, 44) . Additionally, our ability to control particle size without milling provides an advantage in drug delivery where small, spherical particles are desirable for encapsulation within polymers and other gel matrices (45) .
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